This work reports the successful use of a combination of non-conventional methods of synthesis (mechanosynthesis) and sintering (spark plasma sintering, SPS) for the preparation of nanostructured 0.92PbZn 1/3 Nb 2/3 O 3 -0.08PbTiO 3 (PZN-PT) ceramics. With this approach we achieve not only the stabilization of the PZN-PT perovskite phase in ceramics when sintering is carried out at temperatures between 823 and 873 K, but also good control of the grain growth, necessary to produce nanostructured materials with grain sizes of 15-20 nm. This reduction of the size results in relaxor-type electric behaviour.
Introduction
Lead-based relaxor ferroelectric compounds with a perovskite structure attract a large amount of attention due to their remarkable dielectric, piezoelectric and ferroelectric properties. Their potential use as sensor or actuator elements in electromechanical devices [1, 2] has made them the centre of active research in recent years. The general formula of these complex oxides is Pb(B [3] , and their solid solutions with normal ferroelectrics such as PbTiO 3 have drawn much attention owing to the excellent properties found for compositions near the morphotropic phase boundary (MPB) that separates the rhombohedral and tetragonal phases of their phase diagram. It has been suggested that the existence of a monoclinic phase at this MPB [4] is responsible for ultrahigh piezoelectric coefficients. A mechanism of polarization rotation among the three phases (rhombohedral, monoclinic and tetragonal) has been proposed to explain it [5, 6] . One of the most interesting solid solutions is (1 − x)PbZn 1/3 Nb 2/3 O 3 -xPbTiO 3 (PZN-PT), whose MPB is situated near the composition with x = 0.10. PZN-PT 001 poled single crystals with compositions close to this MPB present ultrahigh piezoelectric and electromechanical coefficients, which are significantly higher than those of the best lead zirconate titanate (PZT)-based piezoelectric ceramics typically used in applications [7] . However, reports on highquality ceramics based on this solid solution cannot be found due to the difficulties encountered during their processing.
Conventional solid-state synthesis has been the most widely applied method for the preparation of ferroelectric oxides, but in the case of the PZN-PT system, perovskite cannot be synthesized by the classical route due to phase instability issues that lead to the appearance of a paraelectric pyrochlore-type phase [8] . High-pressure methods [9] and mechanosynthesis [10] have been shown to be successful alternative routes to synthesize the desired phase. Of the two, mechanochemical activation is used as a powerful technique to produce the precursor powder needed for ceramics preparation [11, 12] , and it has extensively been applied for electroceramics [13] [14] [15] [16] . However, even if the PZN-PT perovskite phase is obtained, as it is not stable under heating, the sintering process of the ceramic leads to its decomposition into pyrochlore, PbO and ZnO. This cannot be avoided either by the use of PbO-rich atmosphere to stop the PbO volatilization, or by the assistance of hot-pressing to achieve ceramic densification at lower temperatures [10] . Hence, alternative sintering methods that stabilize the PZN-PT perovskite in a ceramic material need to be investigated.
But, it is also important to prepare at the same time ceramics that meet the new requirements of industry. The miniaturization of electronic devices, and the subsequent decrease of the grain size of the ceramic materials integrated in them, make the analysis of grain size effects on ceramic properties increasingly important. In order to carry out this study, the preparation of very fine-grained, even nanostructured, ceramics must be contemplated in the search for an alternative sintering process. This requires, besides the use of highly reactive nanometric precursors, that the mass transport during the sintering step is enhanced, since the temperature and the time needed for consolidation must be reduced to achieve smaller grain sizes. Among the methods reported for activating the mass transport during the sintering process, the application of an electrical current through the sample during heating represents a promising technique for rapid densification of ceramics, at relatively low temperatures. The most commonly used of these methods is spark plasma sintering (SPS) [17, 18] . SPS has clear advantages over conventional sintering methods, making it possible to sinter nanometric powders to near full densification with little grain growth [19] [20] [21] .
The combination of high-energy milling and SPS had successfully been used to obtain high-density metallic materials [22] , composites [23] , and structural ceramics [24] . More recently, we have reported the first applications of this combination for the preparation of fully dense, finegrained electroceramics of the Ba 1−x Sr x TiO 3 [25] and (1 − x)NaNbO 3 :xSrTiO 3 [26] systems. The present work reports in detail the application of this approach to the processing of 0.92 PbZn 1/3 Nb 2/3 O 3 -0.08PbTiO 3 ceramics. The synergy between these two non-conventional preparation techniques allows us to prepare nanostructured, perovskite phase PZN-PT ceramics with compositions close to the MPB.
Experimental procedure
The procedure of synthesis of 0.92PZN-0.08PT by mechanosynthesis has been reported in a previous work [10] . The sintering of the ceramics was attempted by conventional sintering (in both air and PbO-rich atmosphere) and by hotpressing without good results, due to the appearance of the pyrochlore phase. In the experiments reported here, the processing of the ceramics of composition 0.92PZN-0.08PT was carried out by SPS of the same mechanosynthesized nanocrystalline powder.
Sintering was accomplished in vacuum in an SPS 2080 Sumitomo apparatus (PNF2/CNRS-MHT, Université Paul Sabatier, Toulouse, France. Established by P Millet, P Rozier, J Galy, [2003] [2004] . A cylindrical graphite die with an inner diameter of 8 mm was filled with 1 g of the nanosized powder. When sintering by SPS, several parameters can be modified: the pressure, heating rate, final sintering temperature and the duration of the isothermal sintering treatment. A pulsed direct current was then passed through the die to heat it up, while an increasing uniaxial pressure up to 100 MPa was applied. As a result, the sample was heated up to the final temperature (673-923 K) at a rate of 100 K min −1 . The soaking time at the final sintering conditions was 3 min for all the samples. The sintered ceramics were polished in order to eliminate the surface graphite. In order to remove any other graphite remains in small regions of the bulk, the ceramics were annealed at 623 K, prior to the electrical characterization. The SPS unit is provided with a dilatometer for recording the linear shrinkage ( L) of the sample as function of temperature and/or time. The L values were corrected for the contribution of the thermal expansion of the die. The density of the ceramics was obtained by the Archimedes method, using water as the immersion liquid. Densification was also characterized on the polished surfaces of the ceramics (down to 0.05 μm of Al 2 O 3 suspensions) by optical microscopy with a Leitz Laborlux 12 ME S/ST optical apparatus. The phase, crystal size and crystal structure were studied by x-ray diffraction (XRD), with a Siemens D500 diffractometer with Cu Kα radiation (λ = 0.154 18 nm) between 10
• and 60
• (2 ). The crystal size (t) was obtained first from the XRD data using the Scherrer formula:
, where λ is the wavelength used, B is the full width at half maximum of the diffraction peak and θ B is the Bragg angle [27] . To confirm the values obtained by a more direct technique, the size distributions of the mechanosynthesized particles and of the grains of the sintered ceramics were obtained by measuring the Feret diameter [28] of more than 100 crystalline particles for each sample from transmission electron microscopy (TEM) images (a Philips CM12ST microscope working at 120 kV). The character of the size distributions, average values and standard deviations were obtained from their analysis with probability plots [29] . TEM specimens were prepared from 3 mm ceramic discs, which were first polished and dimpled in the centre, and then thinned to electron transparency by Ar + ion milling.
Electrical characterization was carried out on ceramic discs on which Pt electrodes were deposited by RF sputtering. The variations of the dielectric permittivity and losses with the temperature were measured from liquid nitrogen temperature to 573 K (heating rate: 1.5 K min −1 ), using an HP4192A impedance analyser in the frequency range 100 Hz-1 MHz.
Results and discussion

Ceramic processing
In this work we evaluate spark plasma sintering as an alternative processing method for the preparation of 0.92PZN- 0.08PT ceramics, starting from mechanosynthesized powder. Figure 1 shows the evolution of the shrinkage during the SPS process, recorded in situ, for different sintering temperatures. It must be noted that the increase of this temperature produces an increase of the level of shrinkage reached during the final sintering step, which will contribute to higher densification of the ceramic. However, the instability of the perovskite phase in this system observed previously [10] must be considered. Therefore, XRD patterns of the ceramics prepared by SPS at different sintering temperatures are shown in figure 2 . The perovskite phase is the only phase detected in the patterns of the samples prepared by SPS at 673 and 773 K, although thermal decomposition of the perovskite is observed after the processing by SPS at temperatures higher than 773 K, with the amount of pyrochlore phase increasing with the sintering temperature. Table 1 summarizes the densities for the ceramic ), but also that of the pyrochlore for those ceramics with a significant content of that phase. Therefore, we have estimated a calculated density (ρ cal ) which introduces a correction according to the amount of pyrochlore of each ceramic. The value of the density used for the pyrochlore phase was experimentally determined by a helium pycnometer (Micromeritics Accupyc 1330). A sample of pyrochlore phase powder was obtained after a thermal treatment at 973 K of the original mechanosynthesized powder. A density of 7.30 (6) figure 1 , with values above 90% for ceramics sintered at temperatures higher than 898 K. However, perovskite decomposition also increases with the SPS temperature as the results show, and significant amounts of pyrochlore are present after SPS at the highest temperatures. An adequate compromise between density (as high as possible) and pyrochlore phase content (as low as possible) is obtained for the samples spark plasma sintered at 823 and 873 K. Our study will, therefore, focus on those two ceramics. density values obtained (table 1) , and also with the shrinkage curves of figure 1. They show additionally that there are inhomogeneities of densification in the ceramic processed by SPS at 823 K, whose number strongly decreases when the sintering temperature is raised to 873 K. This means that the density and the homogeneity of the ceramic are improved when the sintering temperature is increased by only 50 K.
Microstructural study
Crystal sizes obtained from the XRD data by using the Scherrer equation are 16 and 18 nm for the ceramic materials processed at 823 and 873 K, respectively. These values were confirmed by transmission electron microscopy, which provides reliable size distributions for such nanostructured ceramics. TEM images and the Feret diameter distributions for the mechanosynthesized powder and the two ceramic materials are shown in figures 4 and 5, respectively. The normal character of the size distribution for the initial powder confirms that the mechanosynthesis process occurs by a continuous nucleation process, as already suggested in [10] . The evolution of the size distribution to lognormal after SPS at 823 K (14.3 nm average size), and especially after 873 K (21 nm average size), demonstrates that grain growth has already started at these low temperatures. The average grain sizes obtained are only slightly higher than that of the powder: 12.3 nm, which indicates that grain growth is in its initial stages. It is worth highlighting the consistency among the sizes obtained by the different techniques (XRD and TEM) that clearly confirms an average grain size between 15 and 20 nm.
Electrical characterization
The dielectric properties were examined in the ceramics with a significant degree of densification and retaining a percentage of PZN-PT perovskite of at least 90%, that is, those samples processed by SPS at 823 and 873 K. The temperature dependence of the dielectric permittivity and losses at several frequencies for both ceramics are shown in figure 6 . In both cases, two anomalies are observed in the permittivity curves, one below 250 K and a second one above 450 K. Detail of the first anomaly is shown in figure 6(c) . A very broad maximum at temperatures between 210 and 240 K is observed, which is frequency dependent. Below this maximum, the permittivity decreases and the dielectric losses increase when the frequency is increased, which is typical of a relaxor ferroelectric material. This behaviour is attributed in the literature to the dynamics of polar nanoregions within a matrix of cubic paraelectric phase [31] , and it is evidence of the relaxor-type behaviour of these nanostructured ceramics with average grain sizes of 14 and 21 nm.
The second anomaly in the curves observed above 450 K is associated with a high-temperature Debye-type dielectric relaxation. The activation energy of this process was determined to be ∼1.2 eV, and it can be attributed to the appearance of dipolar extended defects in the material during processing. This may be due to the formation of a small quantity of brownmillerite-type phase, in which the Bsite cations are not only octahedrally but also tetrahedrally coordinated, by the omission of two of the six octahedral oxygens of the perovskite, perhaps favoured by the presence of Zn, which classically adopts a tetrahedral coordination [32] . This phase is the best known anion-deficient perovskite, where the ion mobility should be easier than in other perovskite phases, and, therefore, prone to absorb the presence of dipolar extended defects. These are formed most probably during the mechanosynthesis process. Similar Debye-type relaxation behaviour has been observed in ceramics obtained from mechanosynthesized powder [26] , irrespective of the grain size or the sintering technique used. However, it must be noted that the SPS process might also promote the formation of these extended defects, due to the reducing conditions within the graphite die. This can be avoided by a thermal treatment prior to the electrical characterization, at a temperature high enough to remove all possible reduced regions in the material. In this work we have used only 623 K, as higher temperatures would result in significant grain growth.
The permittivity curves shown must be compared with the results of recent studies on 0.92PZN-0.08PT single crystals that report two phase transitions: from the ferroelectric rhombohedral (R3m) phase at room temperature to a ferroelectric tetragonal (P4mm) phase at 340 K, and then to a relaxor state at 440 K [33] . The anomaly in the permittivity curves associated with the transition from the relaxor to ferroelectric phase state is not observed down to 77 K for the nanostructured PZN-PT ceramics under study here, thus suggesting that the relaxor to ferroelectric transition might disappear as a size effect. A similar finding was described for nanostructured ceramics of another relaxor ferroelectric MPB-type composition: 0.65Pb(Mg 1/3 Nb 2/3 )O 3 -0.35PbTiO 3 [34] . However, in the PMN-PT case no evidence of relaxor-type behaviour was found for grain sizes below 30 nm, whereas our study shows relaxor characteristics for 0.92PZN-0.08PT ceramics down to 14 nm grain size.
Conclusions
The use of highly reactive nanocrystalline perovskite powder obtained by mechanosynthesis, together with spark plasma sintering, allows the stabilization of the 0.92PZN-0.08PT perovskite phase during the sintering. By a combination of these two non-conventional methods, applied for the first time to the PZN-PT solid solution, nanostructured ceramics with a grain size of 15-20 nm have been processed successfully. Unlike previous reports on the disappearance of the polar states below 30 nm of grain size in similar perovskite relaxor based MPB materials, the results of the electrical characterization presented here indicate that the relaxor state does exist in the nanostructured PZN-PT materials.
